Background and Aim: The Baveno VI Consensus recommends repeating examination in patients with high liver stiffness measurement (LSM) by transient elastography to reduce false-positive diagnosis of advanced liver disease. We tested whether repeating transient elastography can increase the overall diagnostic accuracy. Methods: Ninety-seven patients with non-alcoholic fatty liver disease who underwent two FibroScan examinations within 6 months prior to liver biopsy were evaluated. An LSM cut-off of 7.9 kPa was used to exclude F3-4 fibrosis. Results: Seventy-eight patients had high LSM at baseline, among whom 27 had low LSM on repeated testing; only four had F3 and none had cirrhosis. In contrast, 31 of 51 patients with high LSM at both examinations had F3-4. Nineteen patients had low LSM at baseline; none of them had F3-4 regardless of the second LSM results. If we took LSM <7.9 kPa at either examination as sufficient to exclude F3-4, the negative predictive value remained high at 91%. The positive predictive value for F3-4 increased from 45% in patients with high LSM at baseline to 61% in those with high LSM at both examinations. Sensitivity analysis using different cut-offs yielded similar results, with 76% of patients with LSM >12 kPa at both examinations having F3-4. Conclusions: Transient elastography is a highly sensitive screening test to exclude F3-4 fibrosis in non-alcoholic fatty liver disease patients. One-third of patients with high LSM may have normal results on repeated examination. By repeating examination in cases with high LSM, one may spare patients from unnecessary liver biopsy.
Introduction
Non-alcoholic fatty liver disease (NAFLD) is the most common chronic liver disease worldwide. 1, 2 Depending on the histological severity, NAFLD may progress to cirrhosis and hepatocellular carcinoma. 3, 4 In reality, these only constitute a minority of NAFLD patients, as most patients with simple steatosis have excellent prognosis and are not at risk of hepatic complications. 5 Among the various histological features, the degree of fibrosis is the strongest predictor of overall and liver-related mortality. 6, 7 Traditionally, liver biopsy has been the first choice in assessing liver fibrosis, but its invasiveness, low patient acceptance, and risk of bleeding complications limit its broader application. 8 It is simply not feasible nor effective to perform liver biopsy for a disease that affects one-quarter to one-third of the general population.
Current guidelines recommend the use of non-invasive tests of liver fibrosis as initial assessment of NAFLD. [8] [9] [10] Liver stiffness measurement (LSM) by transient elastography is one of the commonly used non-invasive tests. It can be performed as a point-of-care test, can estimate hepatic steatosis and fibrosis simultaneously, and has superior accuracy in diagnosing advanced fibrosis than generic fibrosis prediction scores. 11, 12 When applied to patients with NAFLD, transient elastography showed excellent sensitivity and negative predictive value (NPV), allowing the exclusion of advanced fibrosis. [13] [14] [15] [16] [17] [18] [19] However, its limitations lie in its inability to confirm the diagnosis of advanced disease due to its low positive predictive value (PPV). To confirm advanced fibrosis in patients with high liver stiffness, one may proceed directly to liver biopsy or perform another non-invasive test of fibrosis based on a different mechanism. 20 Alternatively, the Baveno VI Consensus suggests the possibility of doing two LSM on different days in fasting conditions to reduce the risk of falsepositive results. 21 Though it makes sense, the approach has not been systematically evaluated. Therefore, we evaluated NAFLD patients who underwent liver biopsy and two separate transient elastography examinations and determined the role of this approach.
Materials and methods
Study design. This was a post-hoc analysis of a prospectively recruited cohort. In this study, we aimed to evaluate the effectiveness of repeated transient elastography examinations for the diagnosis of fibrosis and cirrhosis in NAFLD patients. At our center, all patients underwent LSM within 1 week before liver biopsy. In some patients, the decision to proceed to liver biopsy was prompted by LSM results; such patients thus had two transient elastography examinations performed on different days. In this study, we selected patients with baseline transient elastography within 6 months before liver biopsy because major changes in fibrosis stage are uncommon in such a short interval. All patients were adults with liver biopsy showing features of NAFLD (steatosis involving at least 5% of hepatocytes). We excluded patients with excessive alcohol consumption (30 g/day in men and 20 g/day in women), positive hepatitis B surface antigen or antihepatitis C virus antibody, histological features of other liver diseases, secondary causes of hepatic steatosis (e.g. use of systemic corticosteroids, methotrexate, or tamoxifen), history of malignancy including hepatocellular carcinoma, and prior liver resection or transplantation. We further excluded patients with less than 10 valid LSM acquisitions or an interquartile range-to-median ratio of LSM of >0.30. All patients gave informed written consent. The study protocol was approved by the Joint Chinese University of Hong Kong-New Territories East Cluster Clinical Research Ethics Committee.
Clinical assessment. Comprehensive clinical assessments were performed within 1 week before liver biopsy. Past medical history, smoking, and alcohol consumption were recorded with a standard questionnaire. We recorded anthropometric measurements including bodyweight, body height, and waist circumference. Body mass index (BMI) was calculated as weight (kg) divided by height (m) squared. Waist circumference was measured at a level midway between the lower rib margin and iliac crest with the tape all around the body in the horizontal position. A fasting venous blood sample was taken for liver biochemistry, fasting glucose, hemoglobin A 1c , lipid profile, complete blood count, and international normalized ratio of the prothrombin time.
Liver biopsy. In this study, liver histology served as the reference standard for evaluating the diagnostic accuracy of transient elastography. Percutaneous liver biopsy was performed using 16G Temno needles. Liver histology was assessed by two experienced histopathologists who were blinded to the clinical data (A. W. H. C. and P. C. L. C.). In case of discrepant results, the pathologists reviewed the slides together and came to a consensus. Liver specimens shorter than 15 mm were excluded. We scored liver histology using the non-alcoholic steatohepatitis (NASH) Clinical Research Network system. 22 Steatosis was graded from 1 to 3 based on the percentage of hepatocytes with steatosis: 1 = 5-33%, 2 = > 33-66%, 3 = > 66%. Fibrosis was staged from 0 to 4: 0 = absence of fibrosis; 1 = perisinusoidal or portal fibrosis; 2 = perisinusoidal and portal/periportal fibrosis; 3 = septal or bridging fibrosis; and 4 = cirrhosis. NASH was defined as the presence of ≥5% hepatic steatosis and inflammation with hepatocyte injury (i.e. ballooning), with or without any fibrosis.
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Transient elastography. Liver stiffness measurement was performed using transient elastography (FibroScan 502 Touch, Echosens, Paris, France) according to the instructions and training provided by the manufacturer. All patients fasted for at least 6 h before LSM. Measurements were performed using the M probe on the right lobe of the liver through intercostal spaces with the patient lying in dorsal decubitus with the right arm in maximal abduction. Ten successful acquisitions were performed on each patient. The median value represented the liver elastic modulus. Only cases with 10 successful acquisitions were evaluated. The liver stiffness was expressed in kiloPascal (kPa). The operators were blinded to all clinical data and the diagnosis of the patients. Based on validation in an earlier cohort, we adopted an LSM cut-off of 7.9 kPa to exclude F3 fibrosis with >90% sensitivity and NPV. 14 We also performed sensitivity analysis using a range of other published cut-offs.
Statistical analysis. All statistical tests were performed using IBM SPSS Statistics 22.0 (IBM, Armonk, NY, USA). Continuous variables were expressed as mean ± standard deviation or median (interquartile range) as appropriate. The paired t test was performed to evaluate changes in LSM. The area under the receiver-operating characteristics curves was calculated to reflect the overall accuracy of LSM in diagnosing F3-4 fibrosis. Chisquared test was performed to assess differences in fibrosis stage distribution among subgroups. A two-sided P value of <0.05 was taken as statistically significant.
Results
From July 2006 to July 2017, 534 patients underwent liver biopsy and LSM for suspected NAFLD. Out of this cohort, 117 patients underwent repeated LSM within 6 months. Ninety-seven patients had confirmed NAFLD, valid LSM and satisfactory liver biopsy samples, and were included in the final analysis (Fig. 1) .
The mean age of this patient cohort was 55 ± 10. Seventy-six (78%) patients had type 2 diabetes, and 61 (63%) patients had hypertension. The mean BMI and waist circumference were 28.3 ± 3.6 kg/m 2 and 97.6 ± 11.4 cm, respectively. Thirty-five (36%) patients had F3-4 fibrosis. Forty-eight (49%) patients had NASH ( Table 1) .
Variability of LSM. Out of the 97 patients included in the final analysis, 19 patients had low LSM results (<7.9 kPa) and 78 patients showed high LSM results (>7.9 kPa) during their first examination. Based on the results of two transient elastography examinations, we classified the patients into four groups; namely, Low-Low (low LSM results at both examinations; n = 13), Low-High (1st examination low LSM results, and 2nd examination high LSM results; n = 6), High-Low (1st examination high LSM results, and 2nd examination low LSM results; n = 27), High-High (high LSM results at both examinations; n = 51) (Fig. 1) . BMI was at or above 30 kg/m 2 in 0% of patients in the Low-Low group, 33% in the Low-High group, 15% in the High-Low group, and 43% in the High-High group (P = 0.005). There was no significant weight reduction in the High-Low group between the two visits (bodyweight 72.7 ± 11.5 kg at the first and 72.4 ± 11.0 kg at the second examination; mean change 0.3 ± 1.4 kg; P = 0.23). None of the patients was added on drugs with potential effect on NAFLD/NASH (e.g. vitamin E, pioglitazone, and obeticholic acid). Figure 2 shows the changes in LSM at the two examinations. Among the 19 patients with low LSM at the first examination, the LSM was 6.3 ± 1.2 kPa at the first examination and 7.3 ± 3.2 kPa at the second examination (mean change 1.0 ± 2.7 kPa; 95% confidence interval [CI] À0.2 to 2.3 kPa; P = 0.11). Ten of the 19 (53%) patients had a higher LSM at the second examination, with 6 (32%) exceeding the cut-off of 7.9 kPa.
Among 78 patients with high LSM at the first examination, the LSM was 16.0 ± 9.2 kPa at the first examination and 11.3 ± 5.2 kPa at the second examination (mean change À4.7 ± 6.9 kPa; 95% CI À3.2 to À6.3 kPa; P < 0.001). Sixtyseven of 78 (86%) patients had a lower LSM at the second examination, with 27 (35%) falling below the cut-off of 7.9 kPa.
Compared with patients with high LSM at both examinations, those with high baseline LSM but low follow-up LSM had lower BMI, waist circumference, serum alanine aminotransferase level, and higher platelet count (Table S1 ). In keeping with less severe disease, patients in the High-Low group also had less severe steatosis, hepatocyte ballooning and fibrosis, and were thus less likely to have NASH. On the other hand, there was no significant difference in the interquartile range (IQR-to-median) ratios of LSM at both examinations between the two groups suggestive of a difference in the quality of transient elastography examination.
Correlation with fibrosis stage. The area under the receiver-operating characteristics curves of LSM in diagnosing F3-4 fibrosis was 0.81 (95% CI 0.72-0.89) at the first assessment and 0.81 (95% CI 0.72-0.91) at the second assessment. There was a gradated increase in the proportion of patients with high fibrosis stages across the four LSM groups ( Fig. 3 ; P < 0.001 for trend). In both the Low-Low and Low-High groups, none of the patients had F3-4 fibrosis. In particular, all but one patient in the Low-Low group had F0-1 fibrosis. In contrast, 31 of 51 (61%) patients in the High-High group had F3-4 fibrosis. Interestingly, among 27 patients in the High-Low group, only 4 (15%) had F3 fibrosis and none had cirrhosis. In the High-Low group, the LSM and its change were similar between patients with F0-2 and F3 fibrosis; the baseline LSM were 12.1 ± 3.2 kPa and 13.2 ± 2.9 kPa (P = 0.53), second LSM were 6.7 ± 1.0 kPa and 6.0 ± 1.3 kPa (P = 0.21), and changes in LSM from baseline to second examination were À5.5 ± 3.1 kPa and À7.3 ± 2.2 kPa (P = 0.28), respectively.
Utility of repeated transient elastography examination. Consistent with previous reports, LSM by transient elastography had a high NPV in excluding F3-4 fibrosis. At the first transient elastography examination, 19 patients had LSM <7.9 kPa and none of them had F3-4 fibrosis (NPV 100%; Fig. 4) . However, only 35 of 78 patients with LSM ≥7.9 kPa had F3-4 fibrosis, resulting in a PPV of 45%. At the second transient elastography examination, 40 patients had LSM <7.9 kPa and four of them had F3-4 fibrosis. The sensitivity, specificity, PPV, and NPV for the second examination to diagnose F3-4 fibrosis were 89%, 58%, 54%, and 90%, respectively.
On the other hand, if we take low LSM <7.9 kPa at either of the two examinations as a negative result, 46 patients would be classified as having a low risk of advanced disease, among whom 42 indeed had F0-2 fibrosis (NPV 91%; Fig. 4) . Fifty-one patients had LSM ≥7.9 kPa at both examinations (HIGH-HIGH group), among whom 31 had F3-4 fibrosis (PPV 61%). Thus, repeating transient elastography in patients with high LSM would spare more patients from liver biopsy without jeopardizing the high NPV of the examination.
The overall accuracy in diagnosing or excluding F3-4 fibrosis increased from 56% (95% CI 45-66%) for baseline LSM alone to 75% (95% CI 66-84%) for the approach of repeating examination in patients with high LSM at baseline. Sensitivity analysis. Different studies have proposed different LSM cut-offs for the diagnosis of F3-4 fibrosis in NAFLD patients. We therefore repeated the analysis using different cut-offs. Across LSM cut-offs from 7.9 to 12.0 kPa, consistently 35-50% of patients with high LSM at the first examination would be reclassified as low risk on repeated examination ( Table 2 ). As expected, the higher the cut-off, the more likely patients in both the High-Low and High-High groups would have F3-4 fibrosis. However, even at 12.0 kPa, only a minority of patients in the High-Low group had F3-4 fibrosis.
Discussion
We set out to evaluate the effectiveness of the repeated LSM approach recommended by the Baveno VI Consensus, 21 and whether it can address the issue of low PPV while maintaining its strengths of high NPV and sensitivity. Before one can follow this approach, we need to determine (i) the proportion of patients with high LSM who would have lower measurements on repeated assessment and (ii) the fibrosis stage of such patients.
Echoing previous studies, we showed that LSM had excellent sensitivity and NPV, allowing the exclusion of advanced fibrosis in NAFLD patients. 15, 18, 19 Additionally, the PPV was also low at 45%, limiting its ability to confirm the diagnosis of advanced fibrosis. In this study, none of our patients had obvious causes of false-positive LSM like acute hepatitis, extrahepatic cholestasis, and congestive heart failure. 23 The patients were also fasted to avoid increased LSM with food intake. Nonetheless, high BMI and severe hepatic steatosis are associated with higher LSM, and both factors are common in NAFLD patients. [24] [25] [26] [27] The mechanism underlying the association between obesity and increased LSM is unclear, but one possible explanation is interference by the ribs as it is more difficult to locate the intercostal space in obese patients. Because both the degree of hepatic steatosis and the choice of the optimal site for LSM may change on another occasion, this serves as the basis for repeating LSM in patients with high liver stiffness values. In our study, none of the patients in the LowLow group had BMI ≥30 kg/m 2 . This may explain why they did not have false-positive LSM.
Indeed, when we repeated LSM on another date, one-third of the patients with high LSM at first had a lower LSM suggestive of a low likelihood of F3-4 fibrosis. Importantly, 85% of those patients indeed did not have F3-4 fibrosis. On the other hand, if we only perform liver biopsy in patients with high LSM at both examinations, the PPV increased from 45% to 61% for F3-4 disease. Considering the availability and convenience of transient elastography, the strengths of this approach greatly outweigh its limitations. By utilizing different cut-offs, we could further increase the confidence in diagnosing F3-4 fibrosis, with a PPV of 76% when LSM exceeded 12.0 kPa on both occasions (Table 2) .
One possible explanation of the mild fibrosis and decreased LSM in the High-Low group is that those patients might change their lifestyle and therefore achieve fibrosis regression in between visits. While we cannot exclude this possibility, the mean interval between the two examinations was only 18 weeks, and there was no significant weight reduction during this period. Besides, only around 10% of NASH patients in drug trials would have spontaneous fibrosis improvement in 1 year. 28 Even with intensive lifestyle intervention, the average decline in LSM was only around 0.5 kPa in a year. 29 We therefore believe that false-positive LSM in obese patients rather than spontaneous fibrosis regression was the main reason for our observation. When performed at the same session, transient elastography is highly reproducible with excellent intraobserver and interobserver agreement. 19, 30 However, when the operator places the probe at different positions, a discordance in the predicted fibrosis stage may occur in up to 30% of cases. 31 In another study of 48 inactive carriers of hepatitis B virus, while the median LSM was stable over 10-35 months at three visits, some patients had marked decrease in LSM at the individual level. 32 Because LSM is technically more difficult in obese patients, the proportion of patients with decreased LSM on repeated testing was higher in our NAFLD cohort.
Another approach to improve the PPV for diagnosing F3-4 fibrosis is to combine LSM and another non-invasive tests of fibrosis such as the NAFLD fibrosis test or FibroMeter. 20, 33, 34 When we applied LSM and FibroMeter to our NAFLD patients in another study, the PPV for F3-4 fibrosis increased from 61% for LSM alone to 89% when both tests were positive. 20 Furthermore, magnetic resonance elastography has shown superiority over transient elastography in NAFLD patients, but cost and availability remain obstacles to wider application of the former technique. 35, 36 Because aspartate aminotransferase (AST) is not a routine test at our hospital, we could not evaluate the concomitant variability of prediction models of fibrosis such as the NAFLD fibrosis score, aspartate aminotransferase-to-platelet ratio index, and the Fibrosis-4 score. Nonetheless, these prediction models have poor association with each other, 37 are confounded by age, 38 and have inferior diagnostic performance than transient elastography.
14 Changes in these models also correlate poorly with histological changes over time. 3 Our study is unique in its clinicopathological correlation between two transient elastography examinations and liver biopsy. Nonetheless, it also has several limitations. First, liver biopsy is an imperfect reference standard with sampling variability. Nonetheless, liver biopsy remains the most acceptable reference standard, and biopsy specimens were examined by two experienced pathologists. We also minimized bias by using good quality samples. Second, patients were recruited from a referral center. However, as the prevalence of advanced fibrosis is much lower in the primary care setting, this repeated LSM approach will be highly applicable in reducing false-positive results and unnecessary referrals. 39 Third, the sample size of our study was relatively small, but the correlation with liver pathology adds weight to the interpretation of results. Furthermore, all patients were Chinese. The study should be replicated in other patient populations, although previous studies in Caucasians have shown similar diagnostic performance. 15, 18, 19 Finally, for historical reasons, LSM was performed by the M probe. Our findings should be confirmed in studies using the XL probe.
In conclusion, transient elastography is a highly sensitive screening test to exclude F3-4 fibrosis in NAFLD patients. Onethird of patients with high LSM may have normal results on repeated examination with a low risk of F3-4 fibrosis. By repeating examination in case of high LSM, one may spare patients from unnecessary liver biopsy and improve the overall diagnostic accuracy.
